Objective: To better understand the mechanism of stroke during cardiopulmonary bypass, it is necessary to obtain information on the location of turbulence, wall pressure, and flow distribution within the aortic arch. Methods: Blood flow was numerically simulated using the finite element method in the following representative case: a curved arterial cannula was inserted into the anterior wall of the distal ascending aorta 2 cm below the orifice of brachiocephalic artery. Perfusion was performed, with a bypass flow index of 2.5 l min À1 m À2 . Computational grids, consisting of 1,493,297 tetrahedral elements, were generated. Results: The highest wall pressure (3104.8 Pa) was observed at the superior-posterior wall of the aorta below the orifice of the brachiocephalic artery where jet flow impingement occurred. The maximum wall shear stress was 25.1 Pa. High velocity vortex started below the orifice of the brachiocephalic artery. The turbulent flows continued along the posterior wall and then mainly flowed off into the left subclavian artery. Therefore, in the present case, an embolic event in the territory of the left subclavian artery could occur if a plaque was present at the superior-posterior wall of the aorta below the orifice of the brachiocephalic artery. The flow rates in each of the branches were 132, 613, 175, and 821 ml/min for the right subclavian, right common carotid, left common carotid, and left subclavian artery, respectively. Conclusion: This study confirmed that blood flow during cardiopulmonary bypass can be simulated and visualized. Computational fluid dynamics could be applied in the future to assess an individual's risk of stroke. Further multiple representative cases need to be simulated. #
Introduction
Despite continuing improvements in the cardiopulmonary bypass (CPB) techniques used during cardiac surgery, stroke remains a devastating complication. It is strongly associated with significant morbidity and mortality. An increasing amount of evidence points to cerebral embolization during CPB as the principal etiologic factor of such neurological complications, although hypoperfusion may play a role [1] .
Reducing the occurrence of stroke should be a major goal in the fields of cardiac surgery. To better understand the mechanism underlying stroke during CPB, detailed information is needed about turbulence and flow distribution in the aortic arch during cardiopulmonary bypass. Basic information such as the velocities of the flow or the wall pressure and the shear stress during CPB also needs to be investigated. The flow velocity during CPB has been studied using Doppler ultrasound, in order to prevent strokes [2, 3] . However, it is very difficult to measure the wall pressure and the shear stress during an operation.
The recent development of computational fluid dynamics (CFD) technology now allows complex numerical simulation of the cardiovascular system. A few computational studies have been made of steady and unsteady blood flow in the human aortic arch [4, 5] . In those studies that have been undertaken, CFD analyses have been used to evaluate specific parameters, such as the velocity distribution of blood flow in the aorta, wall pressure, and wall shear stress on the aortic wall, which are very difficult to measure in vivo.
Using CFD technology, we performed a three-dimensional (3D) numerical simulation of blood flow from an arterial cannula during cardiopulmonary bypass within a model of the human aortic arch. 
Methods

Geometric modeling
To provide a representative case, the following model was chosen. It was assumed that a 22 Fr curved aortic cannula would be inserted via the anterior wall of the distal ascending aorta, 2 cm below the orifice of brachiocephalic artery. The tip of the cannula was angled slightly cephalad. This was done by moving the cannula 308 counter-clockwise away from the long axis of the aorta. The cannula was then fixed perpendicular to the aortic wall where it was inserted.
To generate the geometric information needed for the present study, a series of helical contrast scans (1 mm/slice) were acquired of normally shaped aorta, in vivo, from a single healthy 54-year-old male patient. This was done using an Aquilion 16 multi detector computed tomography (CT) system (Toshiba Medical Systems Inc., Tochigi, Japan). The patient displayed no anatomical abnormality of the aorta. The patient's body surface area was 1.64 m 2 . The patient provided informed, written consent allowing the information obtained by the CT scan to be used.
By using the Amira advanced 3D visualization and volume modeling software (Mercury Computer Systems, Inc., Chelmsford, MA, USA), the centerline data of the aorta and its branches was determined from the CT scans using the successive region growing method [6] . The cross sections were superimposed perpendicular to the centerline data. Based on the centerline and diameter information, by using a sweeping technique, the solid geometry of the aorta and its branches were generated in form of the nonuniform rational B-spline (NURBS) curves [7, 8] .
The geometry of the arterial cannula was also modeled, based on a drawing of the structure of a 22 Fr curved tip arterial cannula (DLP Model 88122, Medtronic Inc., Minneapolis, MN, USA). The geometries of the aortic arch and the cannula were then combined using Boolean operations.
The shape of the sinus of Valsalva was not reconstructed because, most of the time during CPB the proximal ascending aorta is cross-clamped. It is impossible to obtain a CT scan image of a cross-clamped aorta. Therefore, rather than attempting to reconstruct the geometry of a clamped aorta, the study assumed the proximal aorta to be a hemisphere at the same level as the right pulmonary artery. This assumption was used to minimize the effect of the shape of the aorta behind the cannula orifice from which the jet issued.
Finally, based on the reconstructed geometry described above, computational grids with tetrahedral cells (called elements in finite element method) were generated using the advancing front method for the purposes of CFD analysis [9] . The reconstructed grids consisted of 265,856 nodes and 1,493,297 tetrahedral elements (Fig. 1 ).
Governing equations and boundary conditions
Shear rates in large arteries are typically large enough to assume that the blood involved behaves as a Newtonian fluid [10] . Thus, blood flow in the thoracic aorta and its large branches is governed by the Navier-Stokes equations. For the purposes of this study, therefore, the blood was assumed to be an incompressible, homogeneous and Newtonian fluid, with a constant viscosity of 0.0035 Pa. The density of blood was taken to be 1050 kg m À3 [4, 5, 10] . The vessel walls were considered to be rigid, and a no-slip condition was applied at the walls. At the ends of the branches and the distal end of the aorta, natural outflow boundary conditions were applied. In a CFD analysis for an incompressible fluid, because the density is taken constant, the calculated pressures are relative to the pressure boundary conditions, rather than absolute. Thus the wall pressure (the pressure perpendicular to the wall) is expressed by the relative pressure value. In the present model, the pressures at the ends of the vessels were assumed to be the base reference pressure.
Within the reconstructed model, a cardiopulmonary bypass flow of 4.1 l/min was simulated. This was equivalent to a CPB flow index of 2.5 l min À1 m À2 in this case. The Navier-Stokes equations that govern fluid motion were solved by the finite element method using Acusolve CFD solver (ACUSIM Software, Inc., Mountain View, CA, USA) [4, 5, 10] . Amira was used again for the 3D visualization of the results. The wall shear rate was determined by the velocity parallel to the wall within the grid adjacent to the wall, since a no-slip condition was applied to the wall. Wall shear stress was then determined from the product of the viscosity of the fluid and the wall shear rate [11] . The average distance from the wall to the adjacent grid was 0.68 mm.
Results
The wall pressure, which is the force applied perpendicular to the wall surface, was highest at the superiorposterior wall of the aortic arch at the point where the jet flow from the cannula impinged on the wall. The maximum wall pressure was 3104.8 Pa. The wall pressure was higher at the walls distal to the orifices of cervical branches of the aortic arch (Fig. 2) . The wall shear stress (which is the force applied parallel to the wall as a result of flow viscosity) was 25.1 Pa at its maximum (Fig. 3) . The maximum velocity of flow (3.77 m/s) occurred just past the tip of the arterial cannula. The streamline is shown in Fig. 4 . High velocity vortex was observed below the orifice of the brachiocephalic artery; this was caused by the jet flow impingement. The turbulent flow then continued along the aortic wall, with some flowing into the left subclavian artery. No high velocity flow was observed to head into the left carotid artery. A low velocity vortex flow (which whirled around) was observed throughout the aortic arch. The flow rates in each of the branches were 132, 613, 175, and 821 ml/min for the right subclavian, right common carotid, left common carotid, and left subclavian artery, respectively.
Discussion
This study confirmed that blood flow during cardiopulmonary bypass can be simulated and visualized using the CFD techniques that are currently available. The CFD simulation of the blood flow within the native aorta in patients with a left ventricular assist device has been reported previously, using a simplified geometry of the aorta [12] . In that model, the aorta was assumed to be a curved tube without branches. Because the geometrical information is the most important factor in CFD analysis, in the present study we generated the computational grid from the thin slice contrast CT scans (1 mm/slice). The utilization of magnetic resonance imaging (MRI) has also been reported as an alternative approach to obtain precise geometrical information [13] . The flow velocity during scanning can be also measured if MRI is used.
In the present case, in light of the streamline and the location at which a high velocity vortex occurred, an embolic event in the territory of the left subclavian artery could occur if a mobile plaque was present at the superior-posterior wall of the aortic arch just below the orifice of the brachiocephalic artery. However, stroke would be unlikely to occur in the territory of the bilateral carotid arteries, because the high velocity vortex mainly flowed off into the left subclavian artery. It has been reported that the perioperative strokes caused by CPB occur predominantly on the left side and the posterior side [1] . These findings were consistent with the present simulation, indicating that thromboembolism may occur mainly in the left subclavian artery, which can subsequently cause stroke in the territory of the left vertebral artery.
Wall pressure was also visualized in this study, along with wall shear stress. To date, the influence of these parameters on embolism during CPB has not been clear. The highest wall pressure (expressed as a value relative to the basal pressure) was 3104.8 Pa. Thus if the base reference pressure (i.e. the mean blood pressure measured at the brachial artery) was assumed to be 70 mmHg, the absolute value of the highest wall pressure was expected to be 93.3 mmHg.
Although the wall shear stress (defined as the force parallel to the wall caused by flow viscosity) is known to be a very important factor in the development of atherosclerosis, the magnitude of the force itself is usually very small and normal shear stress on the aortic wall is usually below 15 Pa [11] . The highest shear stress in the present case was found to be higher than 15 Pa, but the magnitude was still similarly small, even under a high velocity flow.
Flow distribution in the present case was essentially sufficient for each branch, although the left subclavian artery may have received more flow than required, as a result of the Fig. 2 . The wall pressure distribution on the aortic wall during cardiopulmonary bypass. The wall pressure is the force applied perpendicular to the wall. The highest wall pressure was observed at the superior-posterior wall of the aorta where the jet flow impingement occurred. The highest wall pressure was 3104.8 Pa. high velocity flow which entered the branch, as described above.
Because the CFD analysis of the complex geometry of the aorta required multiple complex processes, we have only been able to perform the simulation using one representative case to date. Creating an appropriate geometric model and computational grids suitable for CFD analysis was an especially cumbersome and very time-consuming process as these processes have not yet been automated.
The technique shows promise and, once the processes are automated in the future, it may be possible to simulate every patient's vascular geometry before an operation in order to predict blood flow patterns and assess the risks associated with different cannulation methods. It is possible that this could reduce the risk of stroke significantly. A similar approach has been tried in other fields of surgery [14] .
Technical limitations
The most important technical concern in the present case was the boundary condition of the terminus of the vessels. The pressures at the end of the vessels were assumed to be the same and constant, providing a reference pressure. In blood flow simulations, this is one of the most commonly used outflow boundary conditions [15] . The flow flowed off as freeflow at the end of the branches and, because the effect of the resistance of the downstream vascular beds is not taken into account, the flow split was dictated solely by the resistance to flow in the branches within the model.
Ideally, when simulating blood flow in large arteries, outlet boundary conditions should represent all downstream vasculature, including smaller arteries, arterioles, capillaries, venules, and veins returning blood to the heart. However, because the vascular bed from the major arteries to the capillaries can include tens of millions of blood vessels, the vast extent and complexity of blood circulation precludes a three-dimensional representation of the entire circuit. An alternative approach is to utilize (1) three-dimensional models for the major arteries, where high-fidelity information is needed, and (2) one-dimensional models to represent the remainder of the system [15] . This kind of approach is new, and has been reported only very recently. The methodology it uses to represent the peripheral vascular network is not well established [15] . Although the use of more realistic models of the outflow boundary condition of blood vessels would have been optimal, we applied a more commonly used simple outflow boundary condition for this initial study.
The other issue is that we considered the vessel walls as rigid, despite the fact that a normal aorta clearly expands during systole. This decision was made because models that simulate the movement of the boundary wall while it is being influenced by the flow are mathematically very complex, and it is difficult technically to solve the equations governing such complex models. The present case simulates non-pulsatile flow, and the issue of the deformity of the wall probably would not influence the validity of the study. For practical reasons, therefore, we did not consider the deformation of the vessels when developing the model. This is not unusual, as the majority of previously published blood flow simulation models also ignore the effects of deformation of the aorta [4, 5] .
In the present study we focused on establishing a simple three-dimensional computational simulation of blood flow during CPB, which involved precise geometry based on commonly used boundary conditions.
Conclusion
The present study showed that blood flow during CPB can be simulated using CFD techniques. It provides a good example of how computational fluid dynamics could be applied in the future to assess an individual's risk of stroke, as a result of CPB. Further multiple representative cases need to be simulated.
